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Use of Biological Characteristics of Common
Carp (Cyprinus carpio) to Indicate Exposure
to Hormonally Active Agents in Selected
Minnesota Streams, 1999

By Kathy E. Lee, Vicki S. Blazer, Nancy D. Denslow, Robert M. Goldstein, and Philip J. Talmage

ABSTRACT

The presence of hormonally active agents (HAAS) was
determined in selected Minnesota streams using biological
characteristics (measures of endocrine disruption) of com-
mon carp (Cyprinus carpio) exposed to wastewater treat-
ment plant (WWTP) effluent and runoff from agricultural
and forested land. Four biological characteristics of com-
mon carp were used as indicators of HAAs in the streams
selected for this study: (1) high concentrations of vitelloge-
nin in male fish and low concentrations in female fish, (2)
high or low plasma concentrations of the sex steroid hor-
mones (17[3-estradiol and 11-ketotestosterone), (3) low
gonado-somatic index (GSI) (gonad weight divided by total
body weight multiplied by 100) values, and (4) abnormal
gonad histopathology (high percent of atretic oocytesin
female ovaries and high percent ceroid/lipofuscin tissuein
male or female gonads). The study designh was apaired site
approach targeting sites downstream and upstream of
WWTP discharges on different streams. Male (221 individ-
uals) and female (201 individuals) common carp were col-
lected using € ectrofishing techniques from seven streams
with sites at two |l ocations (upstream and downstream of

WWTPs), and eight sites |ocated downstream of WWTPs
with no upstream-paired sites. Samples were collected
between August 3 and September 13, 1999.

The presence of HAAs in selected Minnesota streams
was indicated by biological characteristicsin common
carp. Biological characteristics used in this study identified
WWTP effluent as a potential source of HAAs. Addition-
aly, fish located at sites upstream of WWTP effluent pri-
marily draining agricultural land show indications of
HAAs, which may be the result of agricultural runoff or
other sources of HAAs. There was variability among all
sites and among sites within each site group. Differences
among sites may be due to differences in water chemistry
or fish exposure time. Natura variation in the biological
characteristics may account for some of the differences
observed in this study. This study and others indicate the
presence of HAAs in surface water and the potential signs
of endocrine disruption in resident fish populations.
Detailed controlled studies could confirm the effects of par-
ticular chemicals such as pesticides or components of
WWTPs on fish reproduction and population structure.

INTRODUCTION

Concern about the effects of
chemicalsin the environment that act
as hormonally active agents (HAAS)
iswidespread (Colburn and Clement,
1992; Guillette and others, 1995;
Goodbred and others, 1997). HAASs
may interfere with natural regulation
of the endocrine system of animals by
either mimicking or blocking the
function of natural hormones (U.S.
Environmental Protection Agency,
1997; Kime, 1998). A variety of
anthroprogenic chemicals (xenobiot-
ics) including organochlorine com-
pounds, surfactants (alkylphenols),

plasticizers, coatings, detergent break-
down products (nonylphenols (NP)),
human excreted estrogens (173-estra
diol and 17a-ethynylestradiol), agri-
cultural pesticides, and some trace
elements may act as HAAs and inter-
fere with normal endocrine function
in animals including humans (U.S.
Environmental Protection Agency,
1997). It has also been suggested that
HAAs may be the cause of an
increased incidence of breast and ova-
rian cancer, and endometriosisin
females (Davis and others, 1993),
cryptorchidism, testicular and prostate
cancer, and diminished sperm counts
in males (Sharpe and Skakkebaek,

1993) although these hypotheses have
not been substantiated (National
Research Council, 1999).

Two potential sourcesof HAASsto
streamsin Minnesota are treated sew-
age (domestic and industrial) and run-
off from agricultural or forested land.
Domestic and industrial sewage may
contain avariety of chemicals includ-
ing natural and synthetic estrogens
(Tabak and others 1981; Desbrow and
others, 1998), akylphenolic com-
pounds (Ahel and others, 1994a and
1994b; Barber and others, 2000), and
bisphenol-A that are known to interact
with the estrogen receptorsin fish
(Routledge and Sumpter, 1996; Nagel



and others, 1997; Desbrow and others,
1998). Runoff from agricultural land
and atmospheric deposition of pesti-
cides has resulted in the presence of
pesticides in streams. Herbicides
including atrazine, cyanazine,
alachlor and metolachlor are com-
monly detected in streams draining
agricultural areasin Minnesota (Min-
nesota Department of Agriculture,
1996; Fallon and others, 1997).

Fish are important organisms for
indicating the extent of HAASsin sur-
face water because they are directly
exposed to contaminants, and their
endocrine systems have many physio-
logical similarities to mammals,
including humans. Evidence of endo-
crine disruption in fish was found in
response to a variety of potential
HAAsincluding wastewater treatment
discharge (Purdom and others, 1994;
Sumpter and Jobling, 1995; and Fol-
mar and others, 1996), pulp and paper
mill discharges (Van der Kraak,
1992), and agricultural chemicals
(Goodbred and others, 1997; Grady
and others, 1998; Kime, 1998).

Potential effects of HAAsonfish
include disruption of the endocrine
system, specifically reproductive
function. Effects of HAAson fish
reproductive systemsinclude changes
in sex steroid hormone synthesis,
degenerative changesin the ovaries
and testes including intersex condi-
tions (oocytes in testes tissue), abnor-
mal oogenesis and spermatogenesis,
reduced sperm viability and motility,
reduced gonad size, reduced fertility,
reduced viability of young, and
changesin the timing of sexual repro-
duction (U.S. Environmental Protec-
tion Agency, 1997; and Kime, 1998).

Endocrine disruption in common
carp (Cyprinus carpio) and walleye
(Stizostedion vitreum) was docu-
mented in Minnesotaduring 1995-96.
Several male carp collected in the
effluent channel from the Minneapolis
and St. Paul Metropolitan Wastewater
Treatment Plant effluent channel had
elevated concentrations of vitelloge-
nin and were considered to be estrog-
enized by the effluent (Folmar and
others, 1996).

Although evidence of HAAs has
been documented in Minnesota by the
presence of endocrine disruptionin
fish within a wastewater treatment
plant (WWTP) channel consisting of
100 percent effluent from a major
metropolitan area, little is known
about the presence of HAAsInN
streams receiving less WWTP efflu-
ent or from streams that drain agricul-
tural and forested land. A study was
conducted to determine the presence
of HAAs in selected Minnesota
streams using biological characteris-
tics (measures of endocrine disrup-
tion) of common carp exposed to
WWTP effluent and runoff from agri-
cultural and forested land. The study
was conducted cooperatively among
the U.S Geological Survey (USGS),
the Minnesota Pollution Control
Agency (MPCA), the Minnesota
Department of Natural Resources
(MDNR), and the L egislative Com-
mission on Minnesota Resources
(LCMR).

The purpose of thisreport isto
present the results of this study. Spe-
cificaly, this report describes: (1) the
influence of gonad maturation and age
on biological characteristics (2) bio-
logical characteristics as indicators of
HAAs, and (3) relations of biological
characteristicsto WWTP discharges
and land use. Results presented in this
report were based on common carp
collected at 22 sitesfrom 15 streams
in Minnesota during August and Sep-
tember 1999.

Brief Description of Fish
Endocrine Systems

Fish reproduction involves a com-
plex chain of hormonal and develop-
mental events. Gonadal recrudescence
is the growth of the gonad from the
regressed to the fully mature state
(Matty, 1985; Kime, 1998). After
reaching the fully mature state,
spawning occurs and recrudescence
begins again. Common carp spawning
activity isthe greatest during May and
June when water temperatures are
between 16 and 23.9°C (Becker,
1983; Billard, 1999). Common carp
begin recrudescence immediately
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after spawning and by autumn they
areready for spawning the next spring
when conditions are optimal (Down
and others, 1990). External signals
such as photoperiod and/or water tem-
perature initiate gonadal recrudes-
cence, which is modulated by the
endocrine system. These external sig-
nals stimul ate the hypothalamus gland
to produce gonadatrophin-releasing
hormone (GnRH) (fig. 1). GnRH
stimul ates the pituitary gland to pro-
duce gonadatrophins (GtH), which
stimulate the synthesis of sex steroid
hormones in the ovaries and testes.
Testosterone is present in both male
and female fish (Matty, 1985; Chang
and Chen, 1990; Kime, 1998;). Test-
osteroneis converted to 17[3-estradiol
through aromatase action or to 11-
ketotestosterone via 113-hydroxytest-
osterone (Kime, 1998). The function
of 11-ketotestosteronein male fish is
for gonadal maturation and for the
development of secondary sex charac-
teristics (Matty, 1985, Mylonas and
others, 1997; Cavaco and others;
1998, Kime, 1998; Todo and others,
1999), whileits function in female
fishisnot clear. Infemales, 17[3-
estradiol serves as amajor hormone
responsible for oocyte devel opment
(Matty, 1985). A major role of 17[3-
estradiol in femalesisto stimulate the
liver to produce vitellogenin. Vitello-
geninisaprotein that isthe precursor
to egg yolk proteinsand isresponsible
for increased gonad weight in females
during gonadal recrudescence
(Specker and Sullivan, 1994). Inmale
fish, vitellogenesisis stimulated in the
liver cells (hepatocytes) when they are
exposed to various natural and syn-
thetic estrogens and xenobiotics such
as NP (Jobling and Sumpter, 1993).
Concentrations of measurable
amounts of plasmavitellogenin in
male fish are usually very low (ng/
mL) or undetectable, thus making the
presence of vitellogenin in male fish
an indicator of the presence of estro-
gen or estrogenic chemicasin the
environment (Purdom and others,
1994, Sumpter and Jobling, 1995,
Folmar and others, 1996). Although
the presence of vitellogenin concen-
trations in male common carp under
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Figure 1. Endocrine regulation of selected sex steroid hormones and vitellogenin synthesis in female fish
(modified from Kime, 1998; GnRH, gonadotrophin-releasing hormone; GtH, gonadotrophin).

natural conditionsis not considered
normal, Jobling and others (1998)
measured concentrations of 0.0001
mg/mL, and Sumpter and Jobling
(1995) measured 0.01 mg/mL for
male fish at control sites. This sug-
gests that some low concentrations of
vitellogenin may be present in male
fish. The effect of vitellogenininmale
fishislargely unknown; however, ee-
vated vitellogenin concentrationsin
flounder (Herman and Kincaid, 1988),
and in trout (Hammer and others, in
press) caused renal failure and subse-
quent death. Normal rangesin vitello-
genin, 17B-estradiol, and 11-
ketotestosterone concentrationsin
female and male common carp have
not been established. Means or ranges
of 17B-estradiol, 11-ketotestosterone,
and testosterone concentrations
reported in the literature are listed in
table 1.
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APPROACH AND METHODS

Four biological characteristics of
common carp used as indicators of
HAAs in the streams selected for this
study are: (1) High concentrations of
plasmavitellogenin in male fish and
low concentrations in female fish, (2)
high or low plasma concentrations of
the sex steroid hormones (17[3-estra
diol and 11-ketotestosterone), (3) low
gonado-somatic index (GSI) (gonad
weight divided by total body weight,
multiplied by 100) values, and (4)
abnormal gonad histopathology (high
percent of atretic oocytesin female
ovaries and high percent ceroid/lipo-
fuscin tissuein male or female
gonads).

These selected biological charac-
teristics are commonly used in other
studies and are a subset of the mea-
sures used by the USGS Biomonitor-
ing of Environmental Status and
Trends Program (Schmitt and Deth-
loff, 2000) to identify the influence of
contaminants on fish throughout the
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United States. Features of each bio-
logical characteristic as described by
Schmitt and Dethloff (2000) and
Kime (1998) arelisted in table 2. The
selected biological characteristic can
be influenced by age and gonad matu-
ration; therefore, the influence of
these factors on each biological char-
acteristic was determined.

Study Design and
Site Selection

The study design was a paired
site approach targeting sites down-
stream and upstream of WWTP dis-
charges on selected streams. Sites
downstream of WWTPs are influ-
enced primarily by effluent discharge
and to alesser extent by runoff from
local urban and upstream land. Sites
upstream of WWTP effluent were pri-
marily influenced by runoff from agri-
cultural land. The criteriafor site
selection included streams that
receive a continuous effluent dis-
charge from aWWTP and had a dam
(fish barrier) upstream of that dis-
charge. Additionally, streams with no
additional WWTPs upstream of the
selected site and those with the great-
est amount of WWTP discharge per
streamflow during summer low-flow
conditions had top priority for selec-
tion. Given these constraints, 22 sites



Table 1. Concentrations of vitellogenin, 173-estradiol, 11-ketotestosterone, and testosterone in female and male common carp plasma reported in other studies
[mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; na, not available; °C, degrees centigrade; >, greater than]

. . ' Number
Vitellogenin ~ 17[3-estradiol 11-ketotestosterone Testosterone . .
o9 B of Study Geographic location Dates sampled Comments
(mg/mL) (pg/mL) (pg/mL) (pg/mL) samol
ples
1284 +1.80 12110 + 150 11074 + 110 11116+ 117 69 Goodbred and Northeastern United States September through ~ Wild fish collected from
others, 1997 November 1994 streams
1 1 1 1 97 Goodbredand  Mississippi River Basin August through Wild fish collected from
265+ 15 1260 + 68 707 £ 42 1008 + 65 SSISSIpp : g g
others, 1997 United States September 1994 streams
1983+13 12463 + 231 1617+ 75 1862 + 110 72 Goodbredand ~ Northern- midcontinental September 1994 Wild fish collected from
others, 1997 United States streams
1 1 1 1 10 Goodbredand  Southern-midcontinental December 1994 Wild fish collected from
108+ 1.1 1045 + 2 282 + +7
08 045+ 283 8 64 369+ 75 others, 1997 United States streams
1579+15 11767 + 158 11359 + 158 11088 + 148 53 Goodbredand ~ Western United States October 1994 Wild fish collected from
others, 1997 streams
117+09 12167+ 515 na 1720.8 + 100 7 Folmar and Minneapolis and St. Paul August 1995 Wild fish collected from
[0) others, 1996 M etropolitan Wastewater streams
o Treatment Plant effluent
% channel
- 1 1 10 Fol d Mississippi Ri St September-Oct Wild fish collected f
na 7505 + 89. na 1250 + 1 olmar an ississippi River near St. ember-Octo- ild fish collected from
50.589.6 50+ 100 others, 1996 Paul. Minnesota ber 1995 streams
na 2490 2180 2500 5 Down and Indoor flow-through aquaria ~ Spring prespawn- Wild fish collected from
others, 1990 under asimulated natural ing and active the Great Lakes
photoperiod spawning period
lasting into June
na 1140 1140 150 9 Down and Indoor flow-through aquaria ~ Summer Wild fish collected from
others, 1990 under asimulated natural postspawning the Great Lakes
photoperiod period
(water tempera-
tures >15 °C)
na h40 1130 1250 10 Down and Indoor flow-through aquaria  Fall period (late Wild fish collected from
others, 1990 under asimulated natural September through ~ the Great Lakes
photoperiodd November)



Table 1. Concentrations of vitellogenin, 173-estradiol, 11-ketotestosterone, and testosterone in female and male common carp plasmareported in other studies --Continued

[mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; na, not available; °C, degrees centigrade; >, greater than]

) . ' Number
Vitellogenin ~ 17[3-estradiol 11-ketotestosterone Testosterone . .
o9 P-estradiol of Study Geographic location Dates sampled Comments
(mg/mL) (pg/mL) (pg/mL) (pg/mL) samol
ples
1 1 1 1 79 Goodbred and Northeastern United States tember - Wild fish collected from
0 480 + 37 1439 + 111 1917 + 159 others, 1097 ﬁ%ﬁ/ ember, 1994 Sreams
1 1 1 1 77 Goodbred and Mississippi River Basin, August - tem- Wild fish collected from
0+0.1 311+ 25 1148 + 92 1488 + 110 otagl G ool oS P il fis
1 1 1, 1 66 Goodbredand  Northern- midcontinental tember 1994 Wild fish collected from
0 716+ 49 805+ 69 1084 111 others, 1997 United States Sep streams
1 1 1 1, 2 Goodbredand  Southern-midcontinental December 1994 Wild fish collected from
0 258+130 627 +106 838+ 154 others, 1997 United States streams
0+01 1598+ 77 11561+ 158 12141 + 351 53 Goodbredand ~ Western United States October 1994 Wild fish collected from
others, 1997 streams
1 1 na 1 10 Folmar and Minneapolis and St. Paul August 1996 Wild fish collected from
113209 1254+192 2970+ 1500 others, 1996 Metroepa’(;I itan Wastewater 9 WWTP effluent channel
Treatment Plant effluent
channel
na 1 na 1 10 Folmar and Mississippi River near St. September - Octo- Wild fish collected from
1259+73 4160 + 800 others, 1996 Paul, M#\n&eota ber 1996 streams
na 1 na 1, 11 Folmar and Mississippi River near Hast- September - Octo- Wild fish collected from
o 147.3£143 5130+ 700 others, 1996 ings, Minnesota ber 1996 streams
©
p= na 1 na 1 10 Folmar and Minnesota River in Minne- tember - Octo- Wild fish collected from
1336+137 2920 +400 others, 1996 sota Egrp1996 streams
na 1 na 1 5 Folmar and St. Croix River upstream of tember - Octo- Wild fish collected from
1054+220 6410 £ 200 others, 1996 St. Croix Falls, V\Fl)isconsin Egrp1996 streams
na 2 2 2 5 Down and Indoor flow-through aquaria ring prespawn- Wild fish collected from
60 300 900 others, 1990 under a simulated gnataLﬂaI ﬁ% ar?dp acetsi?/e the Great Lakes
photoperiod spawning period
lasting into June
na 250 2150 2200 9 Down and Indoor flow-through aquaria ~ Summer Wild fish collected from
others, 1990 under a simulated natural postspawning the Great Lakes
photoperiod period (water tem-
peratures >15 °C)
na 2 2 2 9 Down and Indoor flow-through aquaria Fall period (late Wild fish collected from
0 300 1200 others, 1990 under a simulated gnataLﬂaI Septgmber ( the Great Lakes
photoperiod November)
na 3100 - na 3 - 50-100 Chang and Laboratory aquaria na Common carp from 3 to
100- 1300 1000 - 3500 Chenquggo yed 13 months olg
na 3100 - na 3 R 8 Chang and Laboratory aquaria November 1987 Blood samples collected
100 - 2000 1000 - 3300 Chen91990 yed from adult‘rjnales every

through March
1989

two weeks

1

mean, plus or minus one standard error of the mean

2 estimated mean based on evaluation of graphs
3 estimated range based on evaluation of graphs



Table 2. Description of the biological characteristics used in this study
[modified from Schmitt and Dethloff (2000) and Kime, (1998)].

Biological characteristic Description Use Precautions

Sex steroid hormones (17p3-estra= Chemical messengers that stimulate secondary sex  Indicators of reproductive health and status. Can vary with sex, age, stage of gonad matura-

diol and 11-ketotestosterone) characteristics, development of gametes, and spawn- tion, species, water temperature, and season.
ing. High variability among fish at one location.
These factors can confound comparisons.

Gonad histopathol ogy Microscopic examination for the presence of abnor- Cellular level abnormalities often occur prior to  Standardization of methodologiesis critical for
malities (ceroid/lipofuscin deposits in males and macroscopic abnormalities. Good early warning  comparisons among fish.
females, and atretic eggs in females). system of sublethal health affects.




CANADA

NORTH DAKOTA

SOUTH DAKOTA

r International Falls
e — I
]
! |
|
" @Thiet _Rﬁr_F‘a lls RZ‘;’IL’%E <«
_______ "7 Lower
i (RedLake , '
. < ‘\ ,,,,,
Crookston | . | ) lLl
! % 8 Vzmrnh‘xgmhnh i
_____ = o Bemidii 1 ‘L o
| i - | ®Hibbing o
_____ ,_i__hij_i_{ ! Leech~ Grand Rapids. i
Lake a_e
| ' | _____ l\;}‘ g
Moorhead) | | ~1| S
| , INNESOTA | i
| " - j ’’’’’ J [
_]_! _________ i &é
S i
\

)
|

Brainerd

- | -
2 | F
s [ J
5 ® Fergus Falls \T\\"\/ | aite

| | S Take
f T s ]
1 Little! Fallsv,‘ q

i Alexandrla i CANADA
o West Unmr%il___ﬁgy_aljon‘«s———i
!_ ! Sauk Center. ‘
=] ﬁ Melrose &SLQIQEL__l
L { _J_,__ \ B Minnesota
/T
' ' - ~—=
ey j (‘ j\ 7, Wi
_____ _] . | i Rockford / . Study isc.
N\ Will
— NZ, ' ' mar i Mlnneapohs S Area
e I T bt %]

ANe L 4; Hutchmson“A_ L
( Nl ! /
| ol ] \3\ JA% ) /L»\( L

*Rock

: 7 ! Valley | *Shell
| 7 \ - - owa  Rock
[ af"J Sy, ! SRS e :
M?rshally ’, NUL T r i,_{"
) \“\ i
| L __! \‘New Um ! .Fanbauh Location Map
! i
— - oA __ﬁ Mankato B = )
| !—— ~—la Salle Madella \ ‘ [; r L ] Winona
Is | 1 SaintJ § Owatonna | 8 (
|, 4 amtmdaonr]]:es arden Cny hg | ! Rochester
AN - e ) e —-—
Hardwu:k 17 -
5 Heron Lake . !_—Austm T !-
Luverneé I .v| .Jacksgn I Albert Lea | l
sor
14| | anhington ‘ ;Falrmont “ ‘ ; 7.V l‘ 1 l‘ ‘ ;
Base from U.S. Geological Survey
Digital data, 1:2,000,000, 1983 IOWA 0 2 40 60 80 100 MILES
U.S. Albers projection. | | | | | | | | | | ]
I B B
0 20 40 60 80 100 KILOMETERS
EXPLANATION

9
A Site location upstream

of wastewater treatment
plant (number is site
location number)

V Site location downstream
of wastewater treatment
plant (number is site
location number)

(Sites are listed in table 3)

Figure 2. Location of stream sites sampled in Minnesota during August-September 1999.



Table 3. Study sites and basin land-use characteristics
[D, site downstream of wastewater treatment plant; U site located upstream of wastewater treatment plant; shaded cells are downstream sites; na, not available; kmz, square kilometers].

Site Drainage basin land use (percent of basin)

location  Sampli Sit Drainage

lon Ping Site name Latitude Longitude € area .
number date group (k) Urban Agriculturad  Wetland Forest Water Other
(fig. 2)

44°52'20" 94°21'20" U 1,059

9 8/16/99 South Fork of the Crow River upstream of
Hutchinson, Minn.

@ U 1432 11 895 39 23 32 0.0

1 8/5/99 DesMoines River upstream of Windom,  43°51'54" 95°18'47"

Minn.
U 792 1.3 94.9 2.2 15 0.1 0.0

13 8/17/99 Rock River upstream of Luverne, Minn. 43°4304" 96°09'49"
-——-_-
-——-_-
19 9/1/99 Straight River upstream of Owatona, Minn. 44°03'10" 93°15'03"

U 529 0.9 93.2 2.8 21 10 0.0

21 8/11/99 Watonwan River upstream of Madelia, 44°0353" 94°35'22"
Minn.

15 8/23/99 Sauk River upstream of Sauk Center, Minn. 45°49'51" 95°02'16"

17 9/13/99 &. Croix near Cloverdale, Minn. 45°57'05" 92°33'20"




on 15 streamsin Minnesota were
selected for study (fig. 2 and table 3).
Although paired sites on each stream
were preferred, this was not always
possible due to the inability to collect
desired fish species. Seven streams
had sites at two locations (upstream
and downstream of WWTPs), and
eight sites were downstream of
WWTPs with no upstream-paired
sample.

The study area includes streams
draining land in Minnesota and Wis-
consin. Sites are located primarily in
the southern part of Minnesotain
basins that drain agricultural land.
Exceptions are the St. Croix River
(sites 17 and 18) and the Mississippi
River downstream of Little Falls,
Minnesota (site 4), that drain prima-
rily forested land. Environmental fac-
tors such as land use, hydrologic
conditions, and WWTP characteris-
tics were described for each site. The
data set used to characterize land use
in the study basins was produced by a
cooperative effort of the USGS and
the U.S. Environmental Protection
Agency (USEPA) (U.S. Geologica
Survey, 2000). The classified data are
based on 30-m-resolution Landsat sat-
elite data. Land use for the drainage
basin upstream of each site was deter-
mined with geographic-informations-
system (GIS) analyses of these data.

Fish Collection and Sample
Processing

Each fish species may have
unique responses to HAAs because of
differences in reproductive strategies.
For example, the reproductive strat-
egy of common carp includes the
release of numerous gametes during
several spawning periods. In contrast,
smallmouth bass (Micropterus dolo-
mieui) produce few gametes during a
more discrete spawning period. Com-
mon carp was the only species
selected for collection among all sites
because of the potential confounding
factors associated with the compari-
son among different fish species.
Common carp were also selected
because they are common speciesin
Minnesota streams and have been

studied previously in Minnesota (Fol-
mar and others, 1996, Goodbred and
others, 1997; and Schmitt and Deth-
loff, 2000). Male and female common
carp were collected using electrofish-
ing techniques with pulsed DC cur-
rent. Fish were sampled between
August 3 and September 13, 1999.
Thistime period was selected because
it was reported to be the post-spawn
period when gonadal recrudescence
occursin carp (Down and others,
1990; Becker, 1983). At thistime sex
steroid hormones should be relatively
stable. Paired sites were sampled
within a 1-week period, to reduce
potential variability in biological
characteristics due to differencesin
hydrologic and chemical conditions,
with the exception of sites 17 and 18,
which were sampled within a 30-day
period. The downstream sample was
collected within an area of the stream
where the effluent was well mixed
(within 400 m downstream of the dis-
charge). Fish were kept dliveina
holding container with native water
and processed within afew hours of
capture. Each fish was weighed,
length was measured, and scales were
collected for age determination. At
least 3 scales from the same area of
each fish were examined under a
microscope and scale annuli counted
to determine fish age.

Approximately 3-5 mL of blood
was drawn with a syringe from the
caudal vein and transferred to a 5-mL
heparinized vacutainer. The vacu-
tainer was stored on wet ice prior to
being centrifuged for 10 minutes at
3,500 revolutions per minute to sepa-
rate plasma. Plasma from each fish
was transferred to two cryovials and
stored on dry ice or liquid nitrogen
prior to transfer to laboratories. One
plasma sample was sent to the Uni-
versity of Florida’'s Molecular Biom-
arkers Core Facility in Gainesville,
Florida, for analysis of vitellogenin,
and the remaining plasma sample was
sent to the USGS laboratory in
Gainesville, Florida, for 17[3-estradiol
and 11-ketotestosterone analyses. All
plasma samples were stored at — 80°C
until analyzed. Gonads were removed
and weighed to the nearest gram for
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GSlI calculation. Subsamples of
gonad, spleen, and liver tissue were
fixed in 10 percent formalin and sent
to the USGS laboratory in Leetown,
West Virginia, for histopathological
examination.

Laboratory Analyses and
Quality Control

Plasma samples from common
carp were analyzed for vitellogenin,
17B-estradiol, and 11-ketotestosterone
concentrations. Vitellogenin concen-
trations in plasma were analyzed
using a direct Enzyme-Linked Immu-
nosorbent Assay (ELISA) as previ-
ously described (Denslow and others,
2000; Folmar and others, 1996; Good-
bred and others,1997; and Schmitt
and Dethloff, 2000). A monoclonal
antibody, HL 1638 (2D3), specifically
raised against common carp vitelloge-
nin, was used for these assays. This
antibody reacts with high affinity and
specificity with vitellogenin and not
with other plasma proteins. The
ELISA used in this study can detect
10-100 ng of vitellogenin per sample,
resulting in a sensitivity of 0.001 mg/
mL, as plasmamust be diluted one-
hundred times to eliminate interfer-
ences. Each ELISA plate had a posi-
tive control (plasmawith aknown
vitellogenin concentration) to test for
interassay and intra-assay variation.
The assay was performed in triplicate
and if the coefficient of variation
exceeded 10 percent, the samples
were rerun. Correlations between
standards and field samples yielded
Pearson correlation coefficients
between 0.95 and 0.99.

Radioimmunoassay procedures
were used for 17B-estradiol and 11-
ketotestosterone determination as pre-
vioudly described (Goodbred and oth-
ers, 1997; and Schmitt and Dethl off
2000). Each sample was analyzed in
duplicate. Extraction efficiencies of
92 + 2.8 percent and 86 + 3.3 percent
were observed for 173-estradiol and
11-ketotestosterone, respectively. The
minimum concentration detectable
was 6.4 pg/mL for 173-estradiol and
8.1 pg/mL for 11-ketotestosterone.
The assays are subject to cross reac-



tivity with other steroids. Cross reac-
tivity of 17B-estradiol with other
steroids was: 11.2 percent for estrone,
1.7 percent for estriol, and less than
1.0 percent for 17a-estradiol and
androstendione. The cross reactivity
of 11-ketotestosterone with other ste-
roids was 9.7 percent for testosterone,
3.7 percent for a-dihydrotestoster-
one, and less than 1 percent for
androstendione.

Samples of female and male
gonad tissues were classified into
stages of sexual maturation and exam-
ined for histopathological abnormali-
ties. Methods used for |aboratory
preparations and characterizations are
described in Goodbred and others
(1997), and Schmitt and Dethl off
(2000), and briefly here. Gonad tissue
was processed for light microscopy by
dehydration and embedding in paraf-
fin. Blocks of paraffin were cut at 6-
pm thickness and stained with hema-
toxylin and eosin.

Ovaries and testes were exam-
ined for stage of sexual maturation
and gonadal abnormalities (percent
atretic oocytes in females, and pres-
ence of ceroid/lipofuscin in both
females and males). Determination of
gonad maturation stage was based on
the maturity of the predominant stage

of oogenesis and spermatogenesis for
female and male gonads, respectively
(table 4). Stage- 0, -1,and -2 females
were observed in this study and are
shown in figures 3a, 3b, and 3c.
Although stage-3 istypical of females
approaching spawning, stage-1, -2,
and -3 are al sexually mature fish.
Stages 1-3 are characteristic of sexu-
ally mature male fish. Stages 2 and 3
were common among male common
carp in this study and are shown in
figures 3d and 3e.

Atresiain the female gonadal tis-
sueis presented as the percent of
oocytesthat are atretic (fig. 4). When
possible, 100 oocyteswere counted. A
semiquantitative method (Reims-
chuessel and others, 1992) was used
to classify ceroid/lipofuscin tissuein
female and male gonads (figs 5a and
Bb). The presence of ceroid/lipofuscin
tissue in the female and male gonads
was ranked on ascale of 04, with 0
being none observed, 1 rarely
observed, 2 mild, 3 moderate, and 4
severe.

Data Analyses

Because the selected biological
characteristics can be influenced by
physiological factors such as gonad
maturation and fish age, aone-way

analysis of variance (ANOVA) was
used to determine if any biological
characteristic was different among
gonad maturation stages or fish ages.
Comparisons of biological character-
istics between site groups (7 upstream
and 15 downstream sites) were
accomplished with a two-sided stu-
dent’s t-test for unequal sample sizes.
Comparisons for the paired sites (7
upstream and downstream pairs) were
accomplished with a paired t-test.
This test reduces the variability
between streams so that differences
between groups can be detected
(Helsel and Hirsch, 1992). ANOVA
was used to make comparisons of bio-
logical characteristics among all sites.
All variables were tested for normal-
ity through visual inspection of nor-
mal probability plots prior to analyses
and transformed when necessary to
achieve normality. A significance
level of 0.05 was used as the criterion
for gtatistical significance. The statis-
tical-test result is represented by
p-values, the attained level of signifi-
cance.

Because baseline values for bio-
logical characteristics have not been
established, the values for each char-
acteristic were ranked relative to one
another. Mean values of the selected

Table 4. Histological characteristics used to classify gonad maturation stages for female and male common carp in this study
(modified from Schmitt and Dethloff, 2000; and Goodbred and others, 1997)

Gonad
maturation Female ovary characteristics Male testes characteristics
stage
0 Undevel oped (immature): Undevel oped (immature):
Predominantly contained early perinucleolar oocytesthat are pre- Testicular tissue contained exclusively immature
vitellogenic and no developing ova. stages of spermatogenesis (spermatocytes) with no
spermatozoa observed.
1 Previtellogenic: Early spermatogenic:
Ovaries contained greater than 90 percent previtellogenic oocytes, Testicular tissues predominantly contained immature stages (sper-
and few cortical alveoli.Ova are dightly to moderately enlarged ~ matocytes to spermatids), with some spermatozoa observed.
and contain vacuoles or lipid droplets but few vitelline granules.
2 Early vitellogenic: Mid-spermatogenic:
Ovaries contained amgjority of oocytes that were early to mid- Testicular tissue contained a mix of spermatocytes,
vitellogenic with few to moderate numbers of vitelline granules  spermatids and spermatozoa in roughly equal proportions.
and very few fully devel oped oocytes.
3 Late vitellogenic: L ate-spermatogenic:

Ovaries contained a majority of oocytes that were |ate vitellogenic

with eosinophillic yolk globules distributed throughout the cyto-

plasm.

Testicular tissues contained mature sperm.
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Figure 3a. Female common carp ovary containing Figure 3b. Female common carp ovary containing a
perinucleolar oocytes; classified as stage-0, mixture of perinucleolar and cortical alveoli oocytes;
undeveloped and immature (Magnification 365x). classified as stage-1, previtellogenic (Magnification 365x).

Figure 3c. Female common carp ovary containing some
vitellogenic oocytes with moderate numbers of vitelline
granules and a few perinucleolar and cortical alveoli
oocytes; classified as stage-2, early vitellogenic
(Magnification 365x).

Figure 3d. Male common carp testes containing a mix Figure 3e. Male common carp testes containing a thin

of spermatocytes, spermatids, and spermatozoa in germinal epithelium with scattered spermatogenic
approximately equal portions; classified as stage-2, activity characteristic of full-grown testes; classified
mid spermatogenic (Magnification 412x). as stage-3, late spermatogenic, sexually mature
(Magnification 412x).



Figure 4. Examples of atretic oocytes in female common carp (Magnification 412x).

biological characteristics at each site
wereranked and classified into one of
three categories: high, medium, or
low. The high class consisted of sites
with mean values of abiological char-
acteristic greater than or equal to the
75th percentile (the highest 25 per-
cent). The medium class consisted of
sites with mean values of a biological
characteristic between the 25th and
75th percentiles, and the low class
consisted of siteswith mean values of
abiological characteristic less than or
equal to the 25th percentile (the low-
est 25 percent). Samplesin the high
and low classes were of the greatest
interest because fish in these two
classes represent the samples that are
distinct among all sites and thus may

indicate potential HAA exposure and
endocrine disruption.

SELECTED FACTORS
AFFECTING BIOLOGICAL
CHARACTERISTICS

Gonad Maturation and
Fish Age

The selected biological character-
istics can beinfluenced by physiologi-
cal factors such as gonad maturation
and fish age (Goodbred and others,
1997). Both gonad maturation stage
and fish age varied among sites.
Among all fish collected (201 femal es
and 221 males), female common carp
age ranged from 1 to 6 years with
gonad maturation stages from 0to 3

Figure 5a. Ceroid/lipofuscin tissue in female common
carp gonads (Magnification 824x).
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(table 15, at the back of the report).
Male common carp age ranged from 1
to 5 years with gonad maturation
stages from 1 to 4 (table 16, at the
back of the report). There were small
sample sizesin select gonad stages
(onefemalein gonad stage-3, and two
males each in gonad stages-1 and 4)
that did not allow for analyses of the
influence of those gonad stages on
biological characteristics; therefore,
these five samples were eliminated
from further analyses.

Selected biological characteris-
tics were different among gonad mat-
uration stages and fish ages for both
female and male fish (tables 5 and 6,
respectively). In female fish, vitello-
genin, 11-ketotestosterone, GSI val-

carp gonads (Magnification 412x).



Table 5. Comparisons of biological characteristics between gonad stages, and between fish ages for female common carp®
[SE, one standard error; p-values shown in bold indicate statistically significant differences; n, number of samples; GSI, gonado-somatic index]

Biological .
characteristic Gonad stage Fish age
Gonad stage-0 Gonad stage-1 Gonad stage-2 amg;‘val L:; d 1 year 2 years 3years 4years 5years 6 years p-value
Mean+SE  Mean+SE  Mean+ SE Stggge Mean+SE Mean+SE Memn+SE Men+SE Memn+SE Mean+SE among ages

n=21

n=49

n=130 n=16 n=71

n=65

n=33 n=12

n=3

560+ 28

17p-estradiol

428+ 40
(pg/mL)

GSl (percent) 11+01

548 + 46

42+04

486 + 70 544 + 37

3.41+0.68 7.0+ 0.6

544 + 37

7.9

598 + 56 503 + 111

6.5 <0.001

Cr:rni'iig' pofustin 6574+ 016 11+ 011 10+ 004 000l | 069+012 076+006  11+008 11+008  14+015 174067  <0.00L
T Female common carp in gonad stages-0 through -2 and ranging in age from 1- to 6- years old were used in these analyses.
=
w
Table 6. Comparisons of biological characteristics between gonad stages, and between fish ages for male common carp®
[SE, standard error; p-values shown in bold indicate statistically significant differences; n, number of samples; GSI, gonado-somatic index]
Biological )
characterigtic Gonad stage Fish age
p-value
Gonad stage-2  Gonad stage-3 amona aonad 1year 2 years 3years 4 years 5years p-valueamong
Mean+SE  Mean+ SE Stggi Mean + SE Mean + SE Mean + SE Mean + SE Mean + SE ages
n=35 n=182 n=14 n=75 n=79 n=31 n=18

17p-estradiol
(pg/mL)

GSl (percent)

157+ 20 263+ 17

43 +0.24

1 Male common carp in gonad stages-2 and -3 and ranging in age from 1- to 5- years old were used in these analyses.

51 0.25




ues, percent atretic oocytes, and
ceroid/lipofuscin rankings were sig-
nificantly different among gonad mat-
uration stages (table 5). Stage-0
females had lower mean vitellogenin
concentrations, GS| values, percent
atretic oocytes, and ceroid/lipofuscin
rankings than stage-1 and -2 females.
The 11-ketotestosterone concentra-
tions, GSI values, percent atretic
oocytes, and ceroid/lipofuscin rank-
ings were significantly different
among females of different ages (table
5). The 11-ketotestosterone concen-
trations were greatest in 6-year-old
females. GSI values and percent
atretic oocytes were lowest in 1- and
6-year-old females.

In male fish, vitellogenin, 11-
ketotestosterone, and GS| values dif-
fered significantly by gonad matura-
tion stage (table 6). Vitellogenin and
11-ketotestosterone concentrations
were greater in stage-2 than in stage-3
males. GS| values were greater in
stage-3 than in stage-2 males. All bio-
logical characteristicsin male fish dif-
fered significantly by age (table 6).
Vitellogenin concentrations were low-
est in 1- and 5-year old males. One-
year-old males had lower concentra-
tions of 17B-estradiol, greater concen-
trations of 11-ketotestosterone and
lower GSI values than older males
(table 6).

To account for age and gonad
maturation stage as potential con-
founding factors, analyses of biologi-
cal characteristics were limited to a
subset of the original data set. Analy-
ses of female characteristics were lim-
ited to 181 femalesin gonad
maturation stages-0, -1, and -2 and
ranging from 2- to 5-years old (table
15). Analyses of male characteristics
were limited to 185 malesin gonad
maturation stages-2 and -3, and rang-
ing from 2- to 4-years old (table 16).
Analyses were completed for each
gonad stage individually (stage-2
males were only compared to other
stage-2 males). Even after removal of
1- and 5-year-old male fish, GSI val-
ues increased with increasing fish age
within each stage of maturation. The
GSlI should normalize the relation of
gonad weight to body weight. How-

ever, this was not observed for male
common carp in this study. Thisrela-
tion should not affect the comparison
between the upstream and down-
stream group because the percents of
2-, 3-, and 4-year old fish were similar
within each site group. Likewise, fish
age was similar between the paired
sites. Comparisons of GSI values for
male fish among sites may be biased
because female and male ages were
not the same at each site (tables 7 and
8, respectively). For example, the
mean age for gonad stage-3 males at
sites4 and 17 was 4 years old. In con-
trast, gonad stage-3 males were on
average 2-3 years old among other
sites.

Streamflow and Wastewater
Discharge

Physiological responses of fishto
contaminants are often dose depen-
dent (the response increases as the
concentration of a contaminant
increases). Therefore, fish in streams
with more concentrated WWTP efflu-
ent may show a greater response than
fish in streams with less concentrated
WWTP effluent.

The flow of the receiving stream
and the amount of WWTP effluent
determine the dilution of the effluent
in the stream. Streamflows on the day
of sampling ranged from 0.10 to 248
m3/s among all sites. Streamflows the
three months prior to and during sam-
pling in August 1999 were not all at
low-flow conditions that would have
been ideal to assure that the WWTP
effluent was maximally concentrated.
USGS streamflow data from gaging
stations located near sampling loca
tions were used to estimate stream-
flow conditions. Antecedent
streamflows generally were greater
than normal during May, June, and
July (table 9), but returned to approxi-
mately normal flow during August.
Exceptionsto these observationswere
the Cedar River near Austin, Minne-
sota (site 1), the Mississippi River
near Royalton, Minnesota (site 4), the
South Fork of the Zumbro River at
Rochester, Minnesota (site 8), and the
St. Croix River near St. Croix Fals,
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Wisconsin (site 18). The streamflow
at these four sites was greater than
average during August by afactor of
two or more.

There was also variability in the
amount of discharge that each WWTP
contributed to the receiving stream
(table 10). To account for differences
in WWTP dilution among sites, the
percent of streamflow consisting of
wastewater (sum of discharges from
all WWTPs upstream of the sampling
site, divided by streamflow at the
sampling site, multiplied by 100) was
estimated for each site. The discharge
datafor each WWTP was obtained
from the Permit Compliance System
(Linda Brooks, Minnesota Pollution
Control Agency, written commun.,
1999). The average daily WWTP
effluent discharges for August 1998
(August 1999 data were not readily
available) were used to represent the
discharge data from each WWTP.
Thisvalue is considered an estimate
because of the potential temporal vari-
ability in WWTP effluent amounts.

The characteristics of the influent
and waste processing at each WWTP
also affect the chemistry of the efflu-
ent. While the primary influent to
each plant was domestic waste, there
were likely variable amounts and
types of industrial waste influent. The
amount and types of industrial waste
entering each WWTP was not quanti-
fied in this report.

To determineif the percent of
streamflow consisting of wastewater
influenced the biological characteris-
tics, Spearman rank correlations were
determined for each biological char-
acteristic and the percent of stream-
flow consisting of wastewater (table
11). Most Spearman correlation coef-
ficientswere low (< 0.5) between bio-
logical characteristics and the percent
of streamflow consisting of wastewa-
ter. Vitellogenin concentrationsin
female and male fish of selected
gonad stages were related to the per-
cent of streamflow consisting of
wastewater. Vitellogenin concentra-
tionsin stage-0 and-1 females were
negatively correlated with the percent
of streamflow consisting of wastewa-
ter (-0.41 and -0.30, respectively).



Table 7. Mean and range of female fish age by gonad stage of maturation
[shaded cells are downstream sites]

Site location Gonad stage—0 Gonad stage-1 Gonad stage-2
number
(fig. 2) Number of fish Age (years) Number of fish Age (years) Number of fish Age (years)
Mean Range Mean Range Mean Range
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Table 8. Mean and range of male fish age by gonad stage of maturation
[shaded cells are downstream sites]

Site location Gonad stage-2 Gonad stage-3
number
(fig. 2)

Number of fish Age (years) Number of fish Age (years)
Mean Range Mean Range

:
z
§
B
1
E
5




Table 9. Hydrologic conditions at streamflow-gaging stations located near sampling sites during May-August 1999.

us. Corresponding site Percent difference between 1999 mean monthly streamflow
Geological : U.S. Geological Survey station name and the mean monthly streamflow for the period of record®
: location number :
Survey site fiq 2 (period of record)
identifier (fig- 2) May June July August
05457000 1 Cedar River near Austin, Minn. (1909-99) 336 85 238 107

05315000 Redwood River near Marshall, Minn. (1940-99) 62 55 59 -43

116 1 42 102

05372995 South Fork of the Zumbro River at Rochester, Minn.

(1981-99)

05476000 Des Moines River at Jackson, Minn. (1930-99) 92 14 8 -63

05270500 Sauk River near S. Cloud, Minn. (1909-99) 105 71 -21 -6
05340500 18 St. Croix River near St. Croix Falls, Wisc. (1902-99) -6 -18 20 146
-24 84 -54

05319500 21and22  Watonwan River near Garden City, Minn. (1940-99) 38
INegative numbers indicate that the 1999 stream flow was less than the mean streamflow for the period of record.

Table 10. Discharges from wastewater treatment plants upstream of sampling sites, streamflow, and percent of streamflow
consisting of wastewater treatment plant discharges

[na, not available; WWTP, wastewater treatment plant; m?3/sec, cubic meters per second; shaded cells are downstream sites).

Site location number  Average discharge from Streamflow Percent of streamflow consisting
(fig. 2) WWTP (m°/sec) (m3/sec) of WWTP discharge
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Paired upstream-downstream

21 0.001 0.68 0.1

1sum of the average daily discharges for August 1998 from all wastewater treatment plants upstream of the sampling site.



Table 11. Spearman correlation coefficients between biological characteristics and the percent of streamflow consisting of wastewater

for female and male common carp

[mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; na, not applicable].

Biological characteristic

Spearman correlation coefficient

Female common carp

Male common carp

Gonad stage-0 Gonad stage-1 Gonad stage-2 Gonad stage-2 Gonad stage-3
Vitellogenin (mg/mL) -0.41 -0.30 0.014 0.53 -0.003
17p-estradiol (pg/mL.) -0.35 -0.54 -0.14 0.20 0.004
11-ketotestosterone (pg/mL ) -0.71 -0.22 -0.19 -0.23 0.11
Gonado-somatic index (percent) 0.34 -0.19 0.03 -0.12 -0.20
Atretic oocytes (percent) 0.31 -0.16 0.04 na na

Vitellogenin concentrationsin stage-2
males were positively correlated with
percent of streamflow consisting of
wastewater (Spearman correlation
coefficient = 0.53). In female fish,
there were low to moderate negative
correlations between 173-estradiol
and 11-ketotestosterone concentra-
tions and the percent of streamflow
consisting of wastewater. In malefish,
correlations with both 173-estradiol
and 11-ketotestosterone concentra-
tions and the percent of streamflow
consisting of wastewater were low.
GSlI values for females and males
were weakly related to the percent of
streamflow that wastewater contrib-
uted.

BIOLOGICAL CHARACTERIS-
TICS AS INDICATORS OF
HORMONALLY ACTIVE
AGENTS

Concentrations of vitellogenin
and sex steroid hormones, GSI val ues,
and gonad histopathology were used
as hiological indicators of HAAs for
purposes of this report. These charac-
teristics are described for both female
and male common carp.

Vitellogenin Concentrations
in Common Carp Plasma

Mean vitellogenin concentrations
in females were approximately 300
times greater than thosein males (fig.
63, 6b, and 7; tables 12 and 13). A
comparison of vitellogenin concentra-
tionsin female fish between the site
groups (7 upstream and 15 down-
stream sites) revealed no significant
differences. Additionally, there were
no differences between the paired
sites (7 upstream—downstream pairs)
for femalefish.

Vitellogenin concentrations in
females were significantly different
among all sites (p <0.001) (figs. 6a
and 6b). Mean vitellogenin concentra-
tions were low (less than the 25th per-
centile) for femalesin at least one
gonad stage at downstream sites 2, 3,
12, 16, and 20 and upstream sites 11,
13, and 21 (figs. 6aand 6b, and table
14).

In male fish, vitellogenin concen-
trations were observed at all sites.
Because vitellogenin has been
observed in malefish under controlled
conditions at concentrations of
0.0001 mg/mL (Jobling and others,
1998), and 0.01 mg/mL (Sumpter and
Jobling, 1995), concentrations of
vitellogenin less than 0.01 mg/mL are
considered as background concentra-
tions for this study. Vitellogenin con-
centrations above background
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concentrations were detected in 0 to
92 percent (mean = 36 percent) of the
males at each site. Vitellogenin con-
centrations above background were
observed in males at five downstream
sites (3, 5, 6, 7 and 16) and four
upstream sites (9, 13, 15, and
21).Vitellogenin concentrations in
stage-3 males were significantly
greater in the upstream than in the
downstream site group (table 13). At
paired sites, vitellogenin concentra-
tions in males were greater at
upstream than downstream sites
(p=0.01). Vitellogenin concentra-
tions in males were significantly dif-
ferent among all sites (p <0.001) (fig.
7). Vitellogenin concentrationsin
malesin at least one gonad stage were
greatest (greater than or equal to the
75th percentile) at downstream sites
1, 3, and 7; and upstream sites 9, 13,
15, 21 (table 14).

Sex Steroid Hormone
Concentrations in Common
Carp Plasma

The 17B-estradiol concentrations
in females were on average 2.7 times
greater than 11-ketotestosterone con-
centrations. In contrast, the 11-
ketotestosterone concentrations in
mal e fish were on average 2.3 times
greater than 17[3-estradiol concentra-
tions. Normal ranges of 17(3-estradiol
and 11-ketotestosterone in female and



male fish have not been established.
However, Down and others (1990)
reported that 17B-estradiol concentra-
tions were approximately two times
greater than 11-ketotestosterone concen-
trations in female common carp and that
11-ketotestosterone concentrations were
approximately four times greater than
17B-estradiol concentrationsin male
common carp. Goodbred and others
(1997) observed that 17p-estradiol con-
centrations were on average 2.5 times
greater than 11-ketotestosterone concen-
trations in female common carp and that
11-ketotestosterone concentrations were
approximately 2.5 times greater than
17B-estradiol concentrationsin male
common carp. This reoccurring pattern
suggests that although both female and
male fish have both 17[3-estradiol and
11-ketotestosterone concentrationsin
their plasma, 17p-estradiol concentra-
tions generally are expected to be greater
than 11-ketotestosterone concentrations
in females. Conversely, 11-ketotestoster-
onhe concentrations are expected to be
greater than 173-estradiol concentrations
in males.

Steroid hormone concentrationsin
female fish tended to be greater in the
upstream than in the downstream site
group athough there were some gonad
maturation stages for which there were
no significant differences (fig. 6a, 6b,
and 7; tables 12 and 13).

At the paired sites, 17[3-estradiol
concentrations tended to be greater at
upstream than downstream sites. How-
ever there were no statistically signifi-
cant differences between upstream and
downstream sites (table 13). The paired
sites 17-18 have alargeinfluence on this
result. Site 17 is unusual because the
17B-esdtradiol concentrationsin female
fish were low and 11-ketotestosterone
concentrations were high (in the range of
male concentrations). Concentrations of
11-ketotestosterone in females were
greater at upstream than downstream
paired sites (p = 0.04).

Both 17B3-estradiol and 11-ketotest-
osterone concentrations in females dif-
fered among sites (p <0.001) (figs. 6a
and 6b). Mean concentrations of 17[3-
estradiol in female fish werelow in at
least one gonad stage at downstream
sites2, 4, 5, 6, 10, 12, 16, and 20; and
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Figure 6a. Concentrations of vitellogenin, 175-estradiol, and 11-ketotestosterone
in plasma and gonado-somatic index values of stage-0 female common carp
collected during 1999.

upstream sites 17 and 21 (table 14).
Mean concentrations of 11-ketotest-
osterone in female fish of at |east
one gonad stage were high at down-
stream sites 1, 8, 12, 20, and 22; and
upstream sites 11, 15, 17, 19, and 21
(table 14). Mean concentrations of
11-ketotestosterone were greater
than 17B-estradiol concentrationsin
female fish within at |east one gonad
stage at downstream sites 2, 12, and
20; and upstream site 17 (table 14).
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In male fish, there were some
significant differencesin 11-ketotes-
tosterone, but not 17B3-estradiol con-
centrations between the upstream
and downstream site groups (table
13). In stage-2 males, 11-ketotest-
osterone concentrations were greater
at the upstream than at the down-
stream site groups (p = 0.02); how-
ever, concentrationsin stage-3 males
were not different between site
groups.
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Figure 6b. Concentrations of vitellogenin, 173-estradiol, and 11-ketotestosterone in plasma and gonado-somatic
index values of stage-1 and-2 female common carp collected during 1999.

At the paired sites, there were no
significant differencesin 11-ketotest-
osterone or 17B3-estradiol concentra-
tions in male fish between upstream
and downstream. Although there were
no significant differences at the 0.05
significancelevel, 11-ketotestosterone
concentrations tended to be greater at
upstream than downstream sites
(p = 0.07) at most of the paired sites.

Both 11-ketotestosterone and
17B-estradiol concentrationsin male

fish were significantly different
among sites (p <0.001). Mean con-
centrations of 17p-estradiol in male
fish were high in at least one gonad
stage at downstream sites 2, 3, 4, 5, 6,
14, and 18; and upstream sites 13 and
19 (fig. 7, table 14). Mean concentra-
tions of 11-ketotestosterone in male
fish were low in at least one gonad
stage at downstream sites 5, 12, 14,
and 16, and upstream sites 9, and 13.
Additionally, 173-estradiol concentra-
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tions were greater than 11-ketotest-
osterone concentrations at upstream
site 13 and downstream site 14.

Gonado-Somatic Index
Values for Common Carp

The gonads of female and male
fish are considered to be fully sexu-
ally mature when GS| values reach
approximately 20-30 percent of
female body weight, and 5-10 percent
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Figure 7. Concentrations of vitellogenin, 175-estradiol, and 11-ketotestosterone in plasma and gonado-somatic
index values of stage-2 and-3 male common carp collected during 1999.

of male body weight (Kime, 1998).
Contaminants can result in reduced
gonad weights and reduced reproduc-
tive success (Kime, 1998).

There were some differencesin
female GSI values between upstream
and downstream site groups. GSI val-
uesin stage-1 femaleswere greater in
the upstream than the downstream site
group (p = 0.03) (table 12). At the
paired sites, there were no significant

differencesin GS| vaues for females
between upstream and downstream.

GSl valuesin female fish were
significantly different among all sites
(p <0.001) (figs. 6a and 6b). Mean
GSl values were low for female fish
in at least one gonad stage at down-
stream sites 3, 5, 7, 10, 16, 18, and 20;
and upstream sites 11, 15, and 21
(table 14).
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Male GSl valuesin stage-3 fish
were greater in the upstream than the
downstream site group (p = 0.009)
(table 13). At the paired sites, GS
values were significantly greater in
males from upstream than down-
stream sites (p = 0.04).

Male GSI values were signifi-
cantly different among all sites
(p <0.001) (fig. 7). Mean GSl values
were low in malefishin at least one
gonad stage at downstream sites 3, 5,
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Table 12. Comparisons of biological characteristics for female fish® between upstream and downstream site groups for each gonad maturation stage, and between upstream
and downstream paired sites
[SE, standard error; n, number of fish sampled; p-values shown in bold indicate statistically significant differences)

Biologica . . . . .
characteristic Comparison of upstream and downstream site groups Comparison of paired sites
Gonad stage-0 Gonad stage-1 Gonad stage-2
Upstream  Downstream alue? Upstream Downstream alue? Upstream  Downstream alue? Upstream Downstream AUe®
Mean+SE Men+SE PVAU" Men+SE Mean+SE PVAY" MeantSE  MeanzSE PVEY®" Mean+SE MeantsSE  PVAUE
n=9 n=5 n=8 n=239 n=37 n=283 n=7 n=7
X:;:,:E?"n 0.27+£0.07 024+0.14 06 6.03 £ 2.29 2.89+0.63 0.2 2.87+£0.52 3.46+0.37 0.26 3.34£8.45 324+ 414 045
(175'?)@' ol 531+ 75 357+42 0.08 802 + 147 499+ 46 0.04 567 + 49 550+36 0.84 653 + 54 474+ 41 015
pg/m

LT BRI 428 + 27 191+£53 0.02 242+ 78 27731 0.63 379 + 46 33724 0.71 378+ 71 255 + 63 (0107
one (pg/mL)
GSl (percent) 09+0.2 15+£03 0.18 6.3x£0.9 38+x04 0.03 99+ 0.6 10.1+04 0.69 7.3+ 16.3 73+ 210 033
e)t;e;;gocym 32+23 50 +54 068 150+40  108+18 0.09 109409  95+13 093 103+12 105+ 09 013
;irlg'%"pomsc'” 082+068 0.75+048 0.33 092+022 115+048 0.94 106+006 103+0.10 005 093+0.11  0.838+0.13 026

1 Female common carp in gonad stages-0 through -2, and ages ranging from 2 to 5 years old were used in these analyses

2Two sided t-test results

3 Paired t-test result

Table 13. Comparisons of biological characteristics for male fish! between upstream and downstream site groups for each gonad maturation stage,
and between upstream and downstream paired sites
[SE, standard error; n, number of fish sampled; p-values shown in bold indicate statistically significant differences]
Biologica Characteristic Comparison of upstream and downstream site groups Comparison of paired sites
Gonad Stage-2 Gonad Stage-3
Upstream Downstream aue? Upstream Downstream p-va ue? Upstream Downstream p-va ue3
Mean + SE Mean + SE p-vaue Mean + SE Mean + SE Mean + SE Mean + SE
n==6 n=21 n=49 n =109 n=7 n=7

Vitellogenin (mg/mL) 0.01 £ 0.0045 0.02+0.01 0.44 0.016 + 0.0028 0.0089 = 0.0012 0.01 0.018+0.024 0.005 + 0.003 0.01
17[3-estradiol (pg/mL) 254 + 54 292 + 30 0.57 287 + 19 264+ 14 0.28 260+ 99 241+ 126 0.35
11-ketotestosterone (pg/mL) 1022 + 115 705+ 96 0.02 561 £ 51 620 £ 42 0.44 709 £ 312 580 + 264 0.07
GSl (percent) 47+12 37+ 03 0.49 6.0£0.3 49+0.2 0.009 58+25 40+18 0.04
Ceroid/lipofuscin ranking 0.83+0.44 0.88+0.12 0.43 0.90+0.24 1.06 + 0.08 0.21 0.86 £ 0.22 1.07+£0.10 0.13

1 Male common carp in gonad stages-2 and -3, and ages ranging from 2 to 4 years old were used in these analyses

2Two sided t-test results
3 Paired t-test result
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Table 14. Summary of biological indicators of hormonally active agents for stage-0, -1 and -2 female, and stage-2 and 3 male common carp at individua sites
collected during 1999 from Minnesota streams

[Low, lowest 25th percentile within each gonad stage; High, 75th percentile (highest 25th percentile); pg/mL, picogram per milliliter; mg/mL, milligrams per milliliter; <, less than or equal to; =, greater than or equal

to; shading shows downstream sites; X indicates that the mean value for at least one gonad stage met the criteria listed in the biological indicators column]

Female common carp

Site location number (shown on fig. 2)

Biological indicators Downstream sites Paired upstream-downstream sites
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Low vitellogenin concentrations (< 0.07, < 0.89 and
< 2.22 mg/mL for stage-0, -1 and -2, respectively)
Low 17pB-estradiol concentrations (< 326, < 316 and <
350 pg/mL for stage-0, -1 and -2, respectively)

High 11-ketotestosterone (= 390, =356 and = 445 pg/
mL for stage -0, -1, and -2, respectively)
11-ketotestosterone > 17p3-estradiol

Low gonado-somatic index values (< 0.7, < 2.9 and
< 8.8 percent for stage-0, -1 and -2, respectively)
High percent atretic oocytes (= 10.0, = 15.3 and

2 13.8 for stage-0, -1 and-2, respectively)

High ceroid/lipofuscinranking (= 1.4,2 1.6 and = 1.1
for stage-0, -1 and -2, respectively)

xX X

Male common carp

High vitellogenin concentrations (= 0.015 and =
0.016 mg/mL for stage-2 and -3, respectively)

High 17p-estradiol concentrations (= 366 and = 339
pa/mL for stage-2 and 3, respectively)

Low 11-ketotestosterone (< 529 and < 422 pg/mL for
stage-2 and -3, respectively)

17B3-estradiol = 11-ketotestosterone

Low gonado-somatic index values (< 2.8 and < 3.7
percent for stage-2 and 3, respectively)

High ceroid/lipfuscin ranking (= 1.2 and =2 1.3 for
stage-2 and-3, respectively)

x

18 19 20 21 22
X X
X
X X
X X
X X X
X X X
X X
X
X X
X

X
X
X X
X
X
X
HEEEENN E-E B

‘d@ H H B
X X X
7.5 4 4 5 4 3] 6 5

Total number of biological indicators




10, 12, and 22, and upstream sites 11
and 15 (table 14).

Water temperature is a stimulus
for spawning and recrudescence and
can influence GSI values (Kime,
1998). Water temperatures ranged
from 16 to 29 °C among all sites.
Female GSI values were not consis-
tently related to water temperature
(Spearman rank correlation coeffi-
cients of 0.08, -0.01, -0.34, for stage-
0, -1, and -2, respectively). In con-
trast, GS| valuesin male fish declined
as water temperature increased
(Spearman rank correlation coeffi-
cients of -0.52 for malesin gonad
stages-2 and -3). Malefish at three of
the sites (5, 10, and 11) with the great-
est water temperatures had low GSI
values; however, it is not possible
with data collected during this study
to determine if lower GSI values at
sites 5, 10, and 11 are due to greater
temperatures or other factors.

Gonad Histopathology of
Common Carp

An average of 86 percent of the
female fish per site had atretic
oocytes. The amount of atretic
oocytes per female ranged from 0 to
57 percent (mean = 10.25 percent).
There was no difference in percent
atretic oocytes between site groups
(table 12). At the paired sites, there
were no significant differencesin per-
cent atretic oocytes between upstream
and downstream.

Percent atretic oocytesin females
were significantly different between
sites (p <0.001) (figs. 6aand 6b). The
mean percent atretic oocytesinfemale
fish within at least one gonad stage
were high at downstream sites 3, 4, 8,
14, and 18; and upstream sites 9, 11,
and 13) (table 14).

Ceroid/lipofuscin tissue rankings
in female gonad tissue ranged from O
to 3 among al females (table 15).
Most females were ranked 1 in both
upstream and downstream site groups
(75 and 66 percent respectively).
Ceroid/lipofuscin tissue rankingsin
females were not different between
site groups for stage-0 and -1 fish;

however, ceroid/lipofuscin rankings
were greater in the upstream than
downstream site group for stage-2 fish
(p = 0.05) (table 12). Mean ceroid/
lipofuscin rankings in female fish var-
ied among sites (p <0.001). Mean
ceroid/lipofuscin tissue rankings were
high for femalesin at |east one gonad
stage at downstream sites 3, 4, 8, 14
and 20 and at upstream sites 11, 13
and 17 (table 14).

Ceroid/lipofuscin tissue rankings
ranged from 0 to 3 among all male
fish (table 16). On average, 82 percent
of males at each site had ceroid/lipo-
fuscin tissue. There was no difference
in ceroid/lipofuscin rankings between
the upstream and downstream site
groups or for the upstream—down-
stream paired sites. Ceroid/lipofuscin
rankings varied among sites (p =
0.006). Ceroid/lipofuscin rankings
were high for malefishin at least one
gonad stage at sites 1, 3, 8, 10, 12, and
18; and upstream sites 17 and 19
(table 14).

RELATIONS OF BIOLOGICAL
CHARACTERISTICS TO
WASTEWATER TREATMENT
PLANT EFFLUENT AND
LAND USE

The presence of HAAsin selected
Minnesota streams was indicated by
biological characteristics in common
carp. Biological characteristics used
in this study identified WWTP efflu-
ent as apotential source of HAAS.
Fish located at sites upstream of
WWTP effluent draining agricultural
and forested land also show indica-
tions of HAASs.

The paired sites offered the best
opportunity to compare biological
characteristics between sites upstream
and downstream of WWTPs. Because
the dominant chemicals at upstream
sites likely influence downstream
sites, the effect at downstream sites
was expected to be greater due to the
combination of dominant upstream
factors and WWTP effluent. This pat-
tern was not observed for vitellogenin
concentrations in male fish.Vitelloge-
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nin concentrationsin male fish tended
to be greater in upstream than down-
stream paired sites. Two of the
upstream sites where males had ele-
vated vitellogenin concentrations
(sites 13 and 21) had minimal per-
cents of streamflow that consisted of
WWTP discharge (0.3 and 0.1 per-
cent, respectively). It is possible that
males at these two sites were exposed
to effluent, which resulted in elevated
vitellogenin concentrations. How-
ever, males with elevated vitellogenin
concentrations were also observed at
upstream sites with no known contin-
uous-flow WWTPs upstream (sites 9
and 15). This may suggest that HAAs
that are not associated with WWTP
effluent are present at upstream sites.
Sex steroid concentrations and
GSl values at the paired sites indi-
cated a greater effect downstream
than upstream of WWTPs. The 17[3-
estradiol concentrations in females
and 11-ketotestosterone concentra-
tionsin males tended to be lower at
sites downstream of WWTPs.  Simi-
larly, Folmar and others (1996) found
decreases in testosterone in male com-
mon carp collected from WWTP
effluent. GSI valuesin malefish were
lower at downstream than upstream
sites. A similar result was reported by
Jobling and others (1996), for rain-
bow trout exposed to NP and 17a-
ethynylestradiol, which are com-
pounds observed in WWTP effluent.
Although there were some pat-
ternsin biological characteristics
between upstream and downstream
sites, there was a great amount of
variability among sites within each
group. For example, high vitellogenin
concentrations in males were
observed at three downstream sites (1,
3, and 7) and four upstream sites (9,
13, 15, 21). Femalefish had low
vitellogenin concentrations at five
downstream and three upstream sites.
The presence of vitellogeninin male
fish and low concentrationsin females
may be due to avariety of chemicals,
including agricultural pesticides and
chemicalsin WWTP effluent, that are
reported to induce vitellogenin pro-
duction in malefish. Vitellogenin
induction has been observed in male



fish from streams draining agricul-
tural areas. Grady and others (1998)
observed that male largemouth bass
treated with 100 pg/L of atrazine for
20 days had increased vitellogenin
concentrations. Atrazine at that high
concentration is not typically
observed in larger streams. However,
it may be an environmentally relevant
concentration for some periods of the
year, especially for common carp,
because they move upstream into very
small tributaries where the concentra-
tions tend to be greater than in larger
streams.

Vitellogenin induction has aso
been observed in male fish exposed to
WWTP effluent. Purdom and others
(1994) measured vitellogenin concen-
trations of 0.00002-0.015 mg/mL in
caged common carp after a 3-week
exposure to WWTP effluent. Simi-
larly, Folmar and others (1996)
reported the presence of vitellogenin
in male common carp downstream of
the Minneapolis and St. Paul Metro-
politan WWTP effluent channel (site
3). NP concentrations of 2.1t0 2.3 ug/
L during thefall of 1997 and spring of
1998, measured by Barber and others
(2000) in the Minneapolis and St.
Paul Metropolitan WWTP effluent
channel (site 3), are below those con-
centrations of NP (10-20 pg/L)
reported by Sumpter and Jobling
(1995) and Hammer and others (in
press) to induce vitellogenin in male
fish. The Minneapolis and S. Paul
Metropolitan WWTP effluent channel
contained 43-150 pg/L of total com-
bined alkylphenols (AP), akylphe-
nol polyethoxylates (APEO), and
alkylphenolethoxycarboxylates
(APEC), which in combination may
haveresulted in vitellogenin induction
(Barber and others, 2000).

Both 17B3-estradiol and 11
ketotestosterone concentrations were
variable among sites. Most of the sites
where female fish had low 173-estra
diol concentrations, and had 11-
ketotestosterone concentrations that
were greater than 17(3-estradiol con-
centrations were |ocated downstream
of WWTPs. In malefish, 11-ketotest-
osterone concentrations were low at
more sites |ocated downstream than

upstream of WWTPs. The tendency
for 17B-estradiol concentrations to be
low in femalefish, and 11-ketotest-
osterone concentrations to be low in
male fish and at sites downstream of
WWTPs could be due to water chem-
istry. Folmar and others (1996) found
reduced testosterone concentrationsin
male common carp exposed to
WWTP effluent. HAASs associated
with WWTP effluent may inhibit test-
osterone production and its conver-
sion to both 17B-estradiol and 11-
ketotestosterone.

GSl values were low for female
and male fish at sites located
upstream and downstream of
WWTPs. Fish with low GS| values
may have limited reproduction poten-
tial (Kime, 1998). Low GSI vauesfor
both male and female fish were
observed at sites 3 and 5. Reduced
GSlI values have been observed by
othersin male fish below kraft mills
(McMaster and others, 1992) and in
mal e fish exposed to pesticides (Arora
and Kulshrestha, 1984).

The percent atretic oocytes and
ceroid/lipofuscin tissue rankingsin
females and males were not clearly
related to just one site group, but were
predominant at specific sites and may
indicate that some contaminant or
environmental factor has reduced the
potential for spawning or has induced
egg reabsorption. Kumar and Pant
(1998) and Shukla and others (1984)
found that atresia was increased with
pesticide exposures.

The number of biological charac-
teristics that indicated HAAs varied
among sites. All sites had at |east one
biological characteristic that indicated
the presence of HAAsin female and
male fish (table 14). Downstream
sites 3, 12, and 20 and upstream sites
11 and 13 had the greatest number of
HAA indications while downstream
sites 1, 6, 7, and 22 and upstream sites
9 and 19 had few indications of
HAAsS.

At downstream sites, the number
of indications of HAAs does not seem
to be strongly related to the dilution of
the effluent in the receiving stream.
The downstream site with the greatest
number of HAA indicators was site 3,

24

which isa 100 percent effluent stream
from the Minneapolis and St. Paul
Metropolitan WWTP. Sites 12 and 20
also had a high number of biological
characteristics that indicate HAAS,
yet had lower estimated percentages
of wastewater (1 and 5 percent,
respectively). In addition, sites 2 and
5 haverelatively higher estimated per-
centages of wastewater (48 and 66
percent respectively) and have rela-
tively fewer indications of HAASs.
Differencesin the types and numbers
of biological characteristics that indi-
cate HAAs among downstream sites
may be due to differencesin WWTP
effluent chemistry rather than the per-
cent streamflow consisting of WWTP
discharge.

At the upstream sites, there is not
aclear factor that explains the lack of
aconsistent number of biological
indicators. Upstream sites 11 and 13
had the greatest number of indications
of HAAS, while sites 9 and 19 had
few indications of HAAs. Potential
reasons may include differencesinthe
types of pesticides used and amount
of pesticide runoff into streams,
unknown discharges of WWTP efflu-
ent, and runoff from animal feedlots
that may contain HAAs. The lack of
consistency at upstream and down-
stream sites may also be due to differ-
ences in the exposure time of fish
sampled or natural variability in the
biological characteristics.

The presence of biological indica
tors of HAAs at sites may be dueto a
variety of chemicalsincluding agri-
cultural pesticides and chemicalsin
WWTP effluent. Although water
chemistry at each sampling siteis
unknown, observations from other
water quality monitoring studiesin
Minnesota provide some evidence of
chemicals that may be present at sites
in this study that may act as HAAs.
While this ancillary information does
not provide the type of detailed chem-
ical information needed to establish
cause and effect relations, it can pro-
videinsight into the presence of
potential HAASs in streams sampled
during this study.

Determination of evidence of
HAAs s complicated by the presence



of natural variability in biological
characteristics. Natural variationin
the biological characteristics may
account for some of the differences
observed in this study. Analyses were
completed on separate gonad stagesto
remove potential natural variability in
reproductive stage; however, there is

likely still some variability in the bio-
logical characteristics due to natural
reproductive status.

This study and othersindicate the
presence of HAAs in surface water
and the potential signs of endocrine
disruption in resident fish popula-
tions in Minnesota streams. Detailed
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controlled studies could confirm that
endocrine disruption has occurred and
establish the effects of particular
chemicals such as pesticides or com-
ponents of WWTPs on fish reproduc-
tion and population structure.



SUMMARY

Concern about the effects of chemicalsin the environ-
ment that act as hormonally active agents (HAAS) iswide-
spread. HAAs may interfere with natural regulation of the
endocrine system of animals by either mimicking or block-
ing the function of natural hormones. Potential effects of
HAAs on fish include disruption of the endocrine system,
specifically reproductive function. Potential sources of
HAAsto streamsin Minnesota are treated sewage (domes-
tic and industrial) and runoff from agricultural or forested
land. Fish are important organisms for indicating the extent
of HAAsin surface water because they are directly exposed
to contaminants and their endocrine systems have many
physiological similarities to mammals, including humans.

Male (221 individuals) and female (201 individuals)
common carp were collected using electrofishing tech-
niques from seven streams with sites at two locations
(upstream and downstream of WWTPS), and eight sites
located downstream of WWTPs with no upstream—paired
sites. Samples were collected between August 3 and Sep-
tember 13, 1999. Four biological characteristics of com-
mon carp used as indicators of HAAs in the streams
selected for this study are: (1) high concentrations of vitel-
logenin in male fish and low concentrations in female fish,
(2) high or low plasma concentrations of the sex steroid
hormones (17B-estradiol and 11-ketotestosterone), (3) low
gonado-somatic index (GSI) (gonad weight divided by total
body, weight multiplied by 100) values, and (4) abnormal
gonad histopathology (high percent of atretic oocytesin
female ovaries and high percent ceroid/lipofuscin tissuein
male or female gonads).

The presence of HAAs in select Minnesota streams
was indicated by biological characteristicsin common
carp. Biological characteristics used in this study identified
WWTP effluent as a potential source of HAAs. Addition-
aly, fish located at sites upstream of WWTP effluent drain-
ing agricultura and forested land show indications of
HAAs.
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Because the dominant chemicals at upstream sites
likely influence downstream sites, the effect at downstream
sites was expected to be greater due to the combination of
dominant upstream factors and WWTP effluent. This pat-
tern was not observed for vitellogenin concentrations in
mal e fish.Vitellogenin concentrationsin male fish tended to
be greater in upstream than downstream paired sites. Sex
steroid concentrations and GSI values at the paired sites
indicated a greater effect downstream than upstream of
WWTPs. The 17[3-estradiol concentrationsin females and
11-ketotestosterone concentrations in males were lower at
sites downstream of WWTPs. GSI valuesin males were
also lower at sites downstream of WWTPs.

Although there were some patternsin biological char-
acteristics between upstream and downstream paired sites,
there was a great amount of variability among all sites. All
siteshad at least one biological characteristic that indicated
the presence of HAAs in female and male fish. Down-
stream sites 3, 12, and 20 and upstream sites 11 and 13 had
the greatest number of HAA indications while downstream
sites 1, 6, 7, and 22 and upstream sites 9 and 19 had few
indications of HAAs. At downstream sites, the number of
indications of HAAs does not seem to be strongly related to
the dilution of the effluent in the receiving stream.

The presence of biological indicators of HAAs located
at all sites may be due to a variety of chemicalsincluding
agricultural pesticides and chemicalsin WWTP effluent.
Determination of evidence of HAAsis complicated by the
presence of natural variability in biological characteristics.
Natural variation in the biological characteristics may
account for some of the differences observed in this study.

This study and othersindicate the presence of HAAsIn
surface water and the potential signs of endocrine disrup-
tion in resident fish populations in Minnesota streams.
Detailed controlled studies could confirm that endocrine
disruption has occurred and establish the effects of particu-
lar chemicals such as pesticides or components of WWTPs
on fish reproduction and population structure.
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site . . ater : . ' 11- Gonad- Atretic Ceroid/ .
. Usedinfinal
location ?(;5 L(m?:)h eraar?g) (;onaed (Aégri ) temperature V'(tr%?r?f;m 178 estridlol ketotestosterone somatic index oocytes lipfuscin o 1
number ~ 97OUP 9 G y (°C) (pg/mL) (pg/mL) (percent) (peroent) tissue ranking analyses
3.028 1,341 16.3

1.785

2132 2415

1225 1.974

1769 1.868

1315

0.165

420

0.015

1814 0.078

1633 0.252

2495 1.329

4536
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site i ! Water ) ) ' 11- Gonad- Atretic Ceroid/ A
. Usedinfinal
location ?;5 L(sﬁ[)h eragr;‘t) (;onaed (Agi) temperature Vl(trilglq?r?\?;m 17p eStrid'OI ketotestosterone somatic index oocytes lipfuscin alm |n1
number group gran g yea (°c) (pg/mL) (pg/mL) (percent) (percent) tissue ranking analyses

4672

0.261

1497 11.597

1864 1.282

16.815 158

1089 1.791
_%--—__

1225

4.255

1.733 955

3901 2.83 1,120

15.395 639
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site i ! Water ) ) ' 11- Gonad- Atretic Ceroid/ A
. Usedinfinal
location ?(;5 L(m?:)h eragr;‘t) (;onaed (Agi) temperature V'(tr%?r?f;m 17p estridlol ketotestosterone somatic index oocytes lipfuscin alm |n1
number group gran g yea (°c) (pg/mL) (pg/mL) (percent) (percent) tissue ranking analyses

500 1678 2 2.596 783

_---—__
_---—__
2631 1.768 1,09

501 1814 10.024
_%--—__

1.206

6.495 1,107

0.424 228

1512

0.599

421 1315

1.102 801

0.749

2.473 762
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site . ! Water . . ) 11- Gonad- Atretic Ceroid/ e
. Usedinfinal
location ?(;5 L(m?:)h eraar?g) (;onaed (Aégri ) temperature V'(tr%?r?f;m 178 estridlol ketotestosterone somatic index oocytes lipfuscin alm ml
number ~ 97OUP 9 G y (°C) (pg/mL) (pg/mL) (percent) (percent)  tissueranking ANAYSES
1.139 833
122

1089

1361 13.066
_---—__
1542 1.878

1270

1860

515 1814

2.499

0.201 911

0.176 328
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site i ! Water ) ) ' 11- Gonad- Atretic Ceroid/ A
. Usedinfinal
location ?(;5 L(m?:)h eragr;‘t) (;onaed (Agi) temperature V'(tr%?r?f;m 17p estridlol ketotestosterone somatic index oocytes lipfuscin alm |n1
number group gran g yea (°c) (pg/mL) (pg/mL) (percent) (percent) tissue ranking analyses

420 1315 0 228

0.288 385

415 1089

1497

14062 0.758

7.013 306

6.139 199

4.411 132
_---—__
_---—__

3039

2.916 1223

2223

2223

3.712 648

2.275 381

2.168 685
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Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999
[--, no data; mm, millimeter; °C, degreesin centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

Site . ! Water i . ' 11- Gonad- Atretic Ceroid/ e
- Usedinfinal
location Site Length  Weight = Gonad  Age temperature Vitellogenin  17p-estradiol ketotestosterone somatic index oocytes lipfuscin

number | 9ouP (mm) - (grams)  stage  (years) ©0) (mg/mL) (pg/mL) (pg/mL) (percent) (percent)  tissueranking analyses!

3.262 629

228

1860 3.323

1542

_---——_

78 2449 4.485

582 1382

5.703 472

1.696

9.956

13.358 763

1225

0.075

0.692

4.155 851



Table 15. Water temperature and values for length, weight, age, and biological characteristics of individual female fish collected during 1999

[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream; Y, yes, N, no]

i ! . Water . . ) 11- nad- Atreti i P
Io?a:ieon Site Length Weight Gonad  Age temperature Vitellogenin  17[3-estradiol ketotestosterone sorr?a(t)icﬁ dex ootciejs “c;%c;g/n Usedmfmi\l
number ~ "OUP (mm)  (grams) ~ stage  (years) (°C) (mg/mL.) (pg/mL) (pg/mL) (percent) (percent)  tissueranking analyses

22 D 411 953 2 2 24 1.352 741 345 7.0 9 1 Y

22 D 405 953 2 2 24 6.858 410 361 71 5 1 Y

22 D 375 816 2 2 24 1.396 691 315 14.2 11 1 Y

22 D 431 1043 2 2 24 3.146 993 662 9.7 20 1 Y

22 D 468 1497 2 3 24 5.58 442 342 4.3 6 1 Y

22 D 472 1588 2 3 24 11.295 622 382 11.3 1 1 Y

22 D 452 1270 2 3 24 13.216 401 544 12.7 17 1 Y

1Female common carp in gonad stages-0, 1, and 2 and ages ranging from 1 to 6 (200 samples) were used in the inital analyses to determine the influence of gonad maturation stage and
age on hiological characteristics. Because sample size for femalesin gonad stage-3 (1 sample) was too small for further analyses, this sample was removed from further analyses. Some sam-
ples (females 1- and 6-years old ) were excluded from further analyses because biological characteristics were found to vary with age. Samples marked with aN were excluded from further
analyses. Samples marked with a'Y were used in subsequent analyses of biological characteristics between site groups, among paired sites, and among all sites.



114

Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

! . ! . ater ' . . 11- Gonad- Ceroid/ o
- Usedinfinal
Stﬁd;ﬁ'ron ?:5 I‘(ﬁ?%h X\f'aar%r:) (;ona: (Aégri ) temperature V'(ﬁélor?qf;m 17p eﬁririlol ketotestosterone somaticindex  lipfuscin alyspsl
group 9 0 y (°c) (pgmL) (pg/mL) (percent)  tissue ranking analy
394 0.0011 158 1,421 5.9
2132 0.024 206 1,362

0.007

516 1860 <0.001

1361 0.106
_--1996_____

e ) S
T I T N I T S——

0.002

0.013

_--_____
0.003 298 431 34 0 Y
_--___F_

<0.001 438

1089

<0.001

1361 0.014

D 532 2087 0.005

1633

0.019
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Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

Water . . . 11- Gonad- Ceroid/ Lo
ogen -estrad Usedinfina
temperature Vl(trilgl;lmL)m 1B rL iol ketotestosterone somatic index lipfuscin alm n
(°c) (pg/mL.) (pg/mL) (percent)  tissueranking yses

Sitelocation  Site Length  Weight Gonad  Age
number group (mm) (grams) stage (years)

625 3629

0.00073

<0.001

0.021

0.029

2359 0.016

_-D-_____
T O N I S——
_--_____

0.006

<0.001

0.067

0.019

427 1089 0.017

1633 0.019




Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

Water ) . . 11- Gonad- Ceroid/

Sitelocation  Site Length  Weight Gonad  Age temperature Vitellogenin  17B3-estradiol Ketotestosterone  somatic index lipfuscin Usedinfinal
number group (mm) (grams) stage (years) ) (mg/mL) (pg/mL) (pg/mL) (percent)  tissue ranking alysesl
0.037 224

1361

0.021

0.017

2087

_--_____
9 U 557 2404 3 4 24 0.035 378 562 9.9 1 Y

e ) S

_--_____

1588

1497

_-D-_____
O I N I I ——

0.003

496 1588 0.003 129 1,869
_--_____
I I I I

0.012




Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

Water ) . . 11- Gonad- Ceroid/

Sitelocation  Site Length  Weight Gonad  Age temperature Vitellogenin  17B3-estradiol Ketotestosterone  somatic index lipfuscin Usedinfinal
number group (mm) (grams) stage (years) ) (mg/mL) (pg/mL) (pg/mL) (percent) tissue ranking alysesl
0.005 232

1996 <0.001

_-D-_____

0.005

0.006

0.002

0.002

1089 <0.001
_--_____
I O N I S O S———
_--_____
_--_m___
I N I O ——
_--_____
_--_*___

1089




Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

Water ) . . 11- Gonad- Ceroid/

Sitelocation  Site Length  Weight Gonad  Age temperature Vitellogenin  17B3-estradiol Ketotestosterone  somatic index lipfuscin Usedinfinal
number group (mm) (grams) stage (years) ) (mg/mL) (pg/mL) (pg/mL) (percent) tissue ranking alysesl
<0.001 301

_-D-_____
T e S I O

0.023

D 561 2087 0.005

0.002

1,158

<0.001

1089 0.003

0.039

1315

0.013

507 1996 0.015

0.007 111 1,231

<0.001




Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999
[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, n]..

Water . . . 11- Gonad- Ceroid/ Lo
ogen -estrad Usedinfina
temperature Vl(trilgl;lmL)m 1B rL iol ketotestosterone somatic index lipfuscin alm n
(°c) (pg/mL.) (pg/mL) (percent)  tissueranking yses

4717 0.005 271

Sitelocation  Site Length  Weight Gonad  Age
number group (mm) (grams) stage (years)

<0.001

0.002

<0.001

5987 <0.001

1769 <0.001

2676 <0.001

1633 0.00039 203

<0.001

1089 <0.001

621 3629

2812 <0.001

628 3130 <0.001

<0.001

1724 0.003

1,897
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Table 16. Water temperature and values for length, weight, age, and biological characteristics of individual male fish collected during 1999

[--, no data; mm, millimeter; °C, degrees in centigrade; mg/mL, milligrams per milliliter; pg/mL, picograms per milliliter; D, downstream; U, upstream;Y, yes, N, no]..

! . ! ! Water ' . . 1- Gonad- Ceroid/ s
- Usedinfinal
Stﬁd;ﬁlron ?:E I‘(ﬁ?%h ere'ag::) (;tona: (Aégri ) temperature V'(ﬁlélor?f;m 17B Strid'o' ketotestosterone somaticindex  lipfuscin alms;.zl
group g a0 y (°c) (pgmL) (pg/mL) (percent)  tissueranking y
502 1678 3 <0.001 167 1,195
<0.001

2132 0.005

<0.001 1,867

0.013 177 1,679

1,162

_--_____
21 U 420 1043 3 2 22 0.02 249 1,834 3.8 1 Y

I I T T T ——

_--_____

0.017

0.002

1 Male common carp in gonad stages 2 and 3 and ages ranging from 1- to 5- years old(217 samples) were used in the inital analyses to determine the influence of gonad maturation stage

and age on biological characteristics. Because sample size for malesin gonad stage-1 (2 samples) and gonad stage-2 (2 samples) were too small for further analyses, these samples were
removed from further analyses. Some samples (males 1- and 5-years old) were excluded from further analyses because biological characteristics were found to vary with age. Samples marked
with aN were excluded from further analyses. Samples marked with a'Y were used in subsequent analyses of biological characteristics between site groups, among paired sites, and among all

sites.
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